STUDY QUESTION: Are anorectal malformations (ARMs) associated with previous miscarriages or single nucleotide polymorphisms (SNPs) in the Bone Morphogenetic Protein 4 (BMP4) and GLI family zinc finger 2 (GLI2) genes?
Introduction
Anorectal malformations (ARMs) are one of the most common birth defects of the gastrointestinal tract, with a prevalence ranging from two to seven per 10.000 births worldwide (International Clearinghouse, 2013) . The severity of ARM ranges from anal atresia with or without fistulas to a complex cloacal malformation (Holschneider et al., 2005) . In approximately half of the patients, additional congenital malformations are present, mostly malformations of the VACTERL (Vertebral, Anal, Cardiac, Tracheo-Esophageal, Renal and Limb defects) association (Hassink et al., 1996; Cuschieri and Eurocat Working Group, 2002; Stoll et al., 2007) . Approximately 10-15% of ARM patients are diagnosed with the VACTERL association, and around 10% with a syndrome or chromosomal anomaly (Cuschieri and Eurocat Working Group, 2002) . Although surgical techniques have improved in the last decades, complete functionality is often not restored, resulting in long-lasting substantial morbidity among ARM patients (Hartman et al., 2011) . Primary prevention of ARM should be the ultimate goal, but requires extensive etiological information which is currently largely unknown. Several environmental risk factors, such as ARTs, multiple pregnancy, maternal overweight/obesity, and pre-existing diabetes were associated with ARM (Wijers et al., 2014) , but the etiology is suggested to be multifactorial (Wijers et al., 2010) . Wijers et al. (2014) also highlighted the importance of evaluating gene-gene and gene-environment interactions in future studies.
Bone Morphogenetic Protein 4 (BMP4) and GLI family zinc finger 2 (GLI2) are both members of the developmental Sonic Hedgehog (SHH) pathway. Several studies investigated the role of these interesting candidate genes in the etiology of ARM. Carter et al. (2013) showed that the single nucleotide polymorphism (SNP) rs3738880 in GLI2 was associated with ARM in African-Americans (P = 0.02, N = 17), but not in non-Hispanic whites (P = 0.92, N = 81). In a human expression study, GLI2 expression seemed to be reduced in patients with ARM compared to a referent group (Zhang et al., 2009 ). In addition, mice lacking GLI2 showed imperforate anus with rectourethral fistula (Kimmel et al., 2000) . The SNP rs17563 in BMP4 was associated with ARM in Asians (P = 0.03, N = 60), but not in non-Hispanic whites (P = 0.48, N = 81) (Carter et al., 2013) . Zhang et al. (2009) demonstrated reduced BMP4 expression in patients with high-type ARM compared to low-type ARM. Therefore, the first aim of the current study was to investigate the associations of these polymorphisms in BMP4 and GLI2 with ARM in a much larger Caucasian population.
Mothers with previous miscarriages seem to be at risk of having a child with a congenital malformation (Khoury and Erickson, 1993) , such as a neural tube defect, in subsequent pregnancies (Creasy and Alberman, 1976; Carmi et al., 1994; Teckie et al., 2013) . Previous miscarriages were not associated with imperforate anus in a study performed by Khoury and Erickson (1993) . However, these results were based on very small numbers. At a patient information day in the Netherlands, several mothers of ARM patients expressed concerns about their previous miscarriage(s). This triggered us to investigate this association in more detail. Therefore, the second aim of this study was to determine whether miscarriages increase the risk of ARM in subsequent pregnancies.
Disturbances within the SHH signaling pathway, which is important in early embryonic development, may result in congenital malformations or even spontaneous miscarriages. Disruptions of genes within this developmental pathway in earlier pregnancies might indicate vulnerability to disruptions in subsequent pregnancies as well. Therefore, the final aim of this study was to investigate whether interactions between SNPs in BMP4 and GLI2 and previous miscarriages play a role in the development of ARM.
Materials and Methods

Study population
ARM patients and controls were derived from AGORA (Aetiologic research into Genetic and Occupational/environmental Risk factors for Anomalies in Children), a data-and biobank of the Radboud university medical center (Radboudumc) in Nijmegen, The Netherlands (van Rooij et al., 2016) . From 2007 onwards, parents of ARM patients have been asked to participate in AGORA at the child's first visit in the Radboudumc. Parents of patients treated before 2007 at the Radboudumc and patients treated at the Erasmus University Medical Center and the University Medical Center Groningen were invited by mail to participate. Medical records of the patients were collaboratively reviewed by a pediatric surgeon, a clinical geneticist, and researchers to obtain clinical information on ARM phenotype, other congenital malformations and known genetic causes. ARM phenotypes were classified according to the Krickenbeck criteria (Holschneider et al., 2005) . Other minor and major congenital malformations, including those of the VACTERL association, were classified according to the EUROCAT classification (EUROCAT). Patients with a family history of ARM, known genetic syndrome, chromosomal abnormality or cloacal exstrophy were excluded, whereas patients with other congenital malformations were included. Controls were randomly sampled from children born between January 1990 and December 2010 living in 39 municipalities covering the geographical area where the patients lived. Control children with major congenital malformations were excluded. Blood or saliva samples were collected from patients, controls and their parents, while parents of patients and controls born from 1990 onwards were asked to fill out a questionnaire. Participants were excluded when one of the parents or grandparents was of non-Caucasian descent.
The AGORA study protocol was approved by the Regional Committee on Research Involving Human Subjects Arnhem-Nijmegen and all participants and/or their parents gave written informed consent.
Genotyping
Blood was collected in EDTA containing tubes and saliva in Oragene containers (DNA Genotek Inc., Ottawa, Canada). DNA was extracted from blood or saliva using standard methods. The samples were genotyped for the SNPs rs3738880 in GLI2 and rs17563 in BMP4, using Kompetitive Alleles Specific PCR (KASP) assays (LGC genomics), according to the manufacturer's protocol. PCR was carried out in 96-or 384-well plates in a 5 µl reaction volume containing KASP high-rox universal mix, primers, DNA and milli-Q. In each plate, three blanks and five control samples were included for quality control. The PCR conditions were 94°C for 15 min, 10 cycles of 94°C and touchdown PCR starting at 61°C for 60 s (decreasing 0.6°C per cycle), 26 cycles of 94°C for 20 s and 55°C for 1 min, and four cycles of 94°C for 20 s and 57°C for 1 min. After PCR, allele-specific fluorescence was measured on the ABI 7900 HT Fast Real Time PCR system (Applied Biosystems) and analyzed with SDS 2.4 Software (Applied Biosystems). DNA isolation and genotyping were carried out at the Department of Human Genetics of the Radboudumc, which is recognized and granted with accreditation for quality control.
Questionnaires
The parental questionnaires contained information on demographics, family history, and health and lifestyle before and during pregnancy, and were used to extract infant and maternal characteristics. Information on miscarriages was derived from a question about previous pregnancy outcomes (live birth, stillbirth, miscarriage or induced abortion). Miscarriage was defined as pregnancy loss before 20 weeks of gestation and stillbirth as fetal death from 20 weeks of gestation onwards. Mothers who reported a stillbirth or extra-uterine gravidity were not categorized as having a miscarriage. Further questionnaire data used were gender, ethnicity, presence of ARM in first degree relatives of the child, maternal age at delivery, ART (IVF or ICSI), pre-existing diabetes, pre-pregnancy BMI, hypertension (chronic or during pregnancy; including pre-eclampsia and HELLP syndrome) and use of supplements containing folic acid in the 4 weeks before conception and the first 10 weeks of gestation.
Statistical analyses
Statistical analyses were performed using SPSS 22.0 (IBM SPSS, Chicago, IL). Genotype frequencies in controls were tested for deviation from Hardy-Weinberg equilibrium (HWE). Univariable and multivariable logistic regression analyses were performed to calculate odds ratios (ORs) with 95% CI for independent associations of ARM with the infant GLI2 (rs3738880) and BMP4 (rs17563) genotypes and previous miscarriage. The analyses were performed among both women with any previous miscarriage and women with a previous miscarriage directly preceding the index pregnancy. Five patient and six control mothers for whom information on the timing of the miscarriage was missing were classified as having had a previous miscarriage. In addition, we performed sensitivity analyses including these women in the group not having had a previous miscarriage and excluding them from the analyses completely. Year of birth, maternal age, multigravidity, pre-pregnancy BMI, use of folic acid supplements, maternal diabetes and hypertensive disorders during pregnancy were considered as potential confounders in the analyses on miscarriages (Rai and Regan, 2006; Toth et al., 2010; Alijotas-Reig and Garrido-Gimenez, 2013; Xu et al., 2014) . Potential confounders that changed ORs in bivariable analyses were included in the multivariable model. When the OR did not change more than 10% upon removal of these variables from the multivariable model, they were excluded. The wild type GLI2-TT and BMP4-GG genotypes were used as references in the genotypic analyses. To compare our results with those of Carter et al. (2013) , we contacted the author to obtain their raw numbers to calculated ORs for their specific ethnic groups using Episheet (www.krothman.org/episheet.xls). In addition, we examined the role of biological interactions between the two SNPs and between the SNPs and previous miscarriage in the etiology of ARM. Relative risks due to interaction (RERI) were calculated to assess whether interactions on an additive scale occurred (Andersson et al., 2005) . Independent association analyses of ARM with previous miscarriage and the genotype data from GLI2 and BMP4 were stratified for isolated ARM patients and ARM patients with multiple congenital anomalies (MCA).
Results
In total, 427 ARM patients and 663 population-based controls were included in this study. The majority of ARM patients had a perineal fistula (54%) followed by rectourethral fistulas (18%), vestibular fistulas (16%), ARM without fistula (3%), cloaca (3%), anal stenosis (3%) and rare/other types of ARM (3%). Of the 427 ARM patients, 259 (61%) had isolated ARM, while 164 patients (38%) had MCA. Additional congenital malformations present were mostly urogenital malformations or anomalies belonging to the VACTERL association. For four patients, it was unknown whether they had additional congenital anomalies.
Genotyping was completed successfully in more than 98% of the DNA samples. The genotype frequencies in controls did not deviate from HWE (rs3738880: P = 0.48, rs17563: P = 0.59). For all controls and the majority of patients (76%), parental questionnaire information was available. No substantial differences were observed between patients and controls regarding gender, the use of ICSI as ART, maternal hypertensive disorders, pre-existing diabetes, folic acid supplement use or multigravidity (Table I) . However, patient mothers were slightly younger, had a higher pre-pregnancy BMI, and more often had an IVF pregnancy compared to control mothers. In addition, year of birth differed, with more patients than controls being born before 1991, but this difference was not present in the subset of patients for whom questionnaire information was available. Table II presents the genotypic and allelic associations for the two SNPs and the results from Carter et al. (2013) . In our study, carriers of the GG-genotype of rs3738880 in GLI2 had an increased risk of ARM (OR: 1.61; 95% CI: 1.03, 2.51), that seemed to be strongest in patients with MCA (OR: 2.09; 95% CI: 1.17, 3.74). Carter et al. (2013) did not find an association in non-Hispanic whites, but carrying the GG-genotype seemed to be protective in African-Americans (OR: 0.10; 95% CI: 0.02, 0.58). For rs17563 in BMP4, we did not find associations with ARM in our study among Caucasians, neither at genotypic nor at allelic level, whether or not stratified into isolated ARM and ARM with MCA. Carter et al. (2013) reported similar results for non-Hispanic whites, but did find associations in the Asian population for the homozygous AA-genotype and the A-allele.
In the gene-gene interaction analyses, we evaluated a recessive model because the GLI2 GG-genotype only was associated with ARM (Table III) . Although the potential association with ARM was most clear when both homozygous risk genotypes were present (OR:2.74; 95% CI: 0.65, 11.53), however the broad CI and RERI of 1.16 (95% CI: −2.80, 5.12) confirmed the lack of a biological interaction between the SNPs in BMP4 and GLI2.
Maternal questionnaire information about miscarriages was available for 324 patients and 662 controls. Of the patient mothers, 24% reported a miscarriage (mean gestational age 9 weeks) in a pregnancy before the child with ARM was born, whereas 18% of the control mothers did (mean gestational age 10 weeks), resulting in an increased OR of 1.42 (95% CI: 1.03, 1.96) (Table IV) . In total, 17% of patient and 11% of control mothers reported a miscarriage directly preceding the index pregnancy (OR: 1.69; 95% CI: 1.16, 2.46). Stratifying the analyses for patients with isolated ARM and ARM with MCA revealed that the associations with previous miscarriages were stronger in ARM patients with MCA (OR:2.14; 95% CI: 1.30, 3.52). Excluding primigravidae did not substantially change the results (data not shown). None of the potential confounders turned out to be true confounders. In addition, sensitivity analyses showed that excluding the five patients and six controls with missing information on the timing of the miscarriage or including them in the 'non-exposed' group did not affect the results either.
The results regarding gene-environment interactions between both SNPs and previous miscarriages directly preceding the index pregnancy are shown in Table V . Again, a recessive model was tested like we did in the gene-gene interaction analyses. Presence of both a miscarriage in the pregnancy preceding the index child and a genetic risk factor did not result in increased risks of ARM compared to the risk when either risk factor was present. The RERIs suggested no gene-environment interactions between previous miscarriage and the SNPs in GLI2 or BMP4. When we included all previous miscarriages, the results did not change (data not shown).
Discussion
In this Caucasian case-control study, we found associations of ARM with the GG-genotype of rs3738880 in GLI2 and with previous miscarriages. These associations were stronger among ARM patients with MCA compared to patients with isolated ARM. No effect of rs17563 in BMP4, no gene-gene interaction between the two SNPs, and no gene-environment interactions between the SNPs and previous miscarriage were observed.
A major strength of this study is the large sample of Caucasian ARM patients and controls. This enabled us to perform separate analyses for patients with isolated ARM and patients with MCA, although numbers were too small to study the phenotypic subgroups in more detail. With the availability of questionnaire information, we could combine information on previous miscarriages with infant BMP4 and GLI2 genotype data and were able to adjust for potential confounders. Another strength is our well-characterized population-based control population, randomly sampled via municipalities in the same geographical areas as the patients and of similar age. The control group seems to be representative for the general population, as we observed a 18% risk of miscarriages, which is in line with the 10-20% that was found in women between 25 and 35 years of age in earlier studies (Knudsen et al., 1991; Regan and Rai, 2000) .
A limitation of this study is the possibility of recall errors for previous miscarriages, but we expect these errors to be limited, as a miscarriage is a major life event. In addition, we expect the recall errors to be nondifferential, resulting in attenuation of results rather than bias, because miscarriages are not generally known as risk factor for congenital malformations in subsequent pregnancies. Another limitation is the potential for misclassification regarding miscarriages and stillbirth. Stillbirth is suggested to be caused by environmental factors, such as advanced maternal age, maternal BMI or growth restriction, whereas miscarriages are probably caused by genetic factors (Getahun et al., 2007; Facchinetti et al., 2011; Alijotas-Reig and Garrido-Gimenez, 2013; Ashish et al., 2015; Waldenstrom et al., 2015) . However, not all mothers remembered the exact timing of losing their unborn child or they failed to fill in the information on timing. Sensitivity analyses with best and worst case scenarios showed that this did not influence our results.
We showed that the SNP rs3738880 in GLI2 was associated with ARM in a Caucasian population, in contrast to the findings of Carter et al. (2013) who found no association in non-Hispanic whites and a decreased risk in African-Americans. However, the latter was based on very small numbers and Carter et al. (2013) Genotyping was not successful for three patients and five controls (GLI2: two patients and three controls, BMP4: 1 patient and two controls).
patients only, whereas we found an increased risk especially in ARM patients with MCA. Our result suggests that GLI2 is involved in the development of multiple organ systems, including anorectal development. This hypothesis is supported by several other studies that showed associations of GLI2 with congenital malformations, such as hypospadias, polydactyly and congenital hypopituitarism (Gustavsson et al., 2006; Bertolacini et al., 2012; Carmichael et al., 2013; Franca et al., 2013) . The SNP rs3738880 in GLI2 is located in the transcription factor binding site for Paired Box 5, a target gene of GLI2 that is a member of the paired box family of transcription factors which are important regulators in early development (Carter et al., 2013) . In addition, it is an exonic SNP resulting in an amino acid change (p.Ala1156Ser). Nevertheless, the fact that the SNP has a high minor allele frequency (0.374), that the SNP is assumed to be benign (Lek et al., 2016) , and that Carter et al. (2013) found an association with ARM in the opposite direction, indicates that rs3738880 may not be the causal SNP, but is more likely to be a marker for another functional variant in GLI2.
Combining our results and those of Carter et al. (2013) with the studies showing reduced GLI2 expression in patients with ARM (Zhang et al., 2009 ) and imperforate anus in mice lacking GLI2 (Kimmel et al., 2000) provides strong indications that GLI2 is involved in the etiology of ARM.
We found no association between rs17563 in BMP4 and ARM in the total population or in the subgroups of ARM patients, confirming the findings of Carter et al. (2013) in non-Hispanic white isolated ARM patients.
We hypothesized a gene-gene interaction between the SNPs in BMP4 and GLI2 in the etiology of ARM, as GLI genes have a direct effect on the transcription of BMP genes, so both SNPs may influence BMP4 expression (Cohen, 2003) . We showed indeed that the combination of both homozygous risk genotypes resulted in the highest risk of ARM, but with a wide CI and a RERI that confirmed the lack of a biological interaction between the two SNPs. However, these results were based on small numbers. Ideally, the gene-gene interaction analyses should be repeated in a larger study population, since the power of this study was too low (0.53) to clearly detect a gene-gene interaction of the magnitude found.
We identified previous miscarriages as an independent risk factor for ARM, which was most pronounced in ARM patients with MCA and when the miscarriage occurred in the pregnancy directly preceding the pregnancy of the index child. Khoury and Erickson (1993) showed a tentative association between isolated imperforate anus and previous pregnancy losses pointing in the same direction (OR: 1.2; 95% CI: 0.7, 2.1), but this study included only 62 patients with isolated imperforate anus. In addition, Khoury and Erickson (1993) did not make a distinction between miscarriages in the pregnancy directly preceding the pregnancy of the index child and earlier pregnancies.
Spontaneous miscarriages were found to increase the risk of miscarriages in subsequent pregnancies (Rai and Regan, 2006) , so it seems that women with previous miscarriages do not provide an optimal 'prenatal environment'. A highly speculative hypothesis by Clarke et al. (1975) via interference with the developmental SHH signaling pathway, resulting in congenital malformations. That enticed us to study gene-environment interactions between the SNPs in the developmental genes BMP4 and GLI2 and previous miscarriages, also restricting our analysis to miscarriages directly preceding the index pregnancy. However, we did not identify a gene-environment interaction. Larger studies are required to study gene-environment and gene-gene interactions including more SNPs and/or other genes of the SHH signaling pathway.
In conclusion, our results support a multifactorial etiology of ARM. We identified the GG-genotype of rs3738880 in GLI2 as risk marker and previous miscarriages as independent risk factor for ARM, especially in ARM patients with MCA. This study underlined the importance of stratifying analyses on ARM by patients with isolated ARM and patients with MCA in future studies. 
